We have previously described a 160-bp enhancer (BCE-1) in the bovine ␤-casein gene that is activated in the presence of prolactin and extracellular matrix (ECM). Here we report the characterization of the enhancer by deletion and site-directed mutagenesis, electrophoretic mobility shift analysis, and in vivo footprinting. Two essential regions were identified by analysis of mutant constructions: one binds C/EBP-␤ and the other binds MGF/STAT5 and an as-yet-unidentified binding protein. However, no qualitative or quantitative differences in the binding of these proteins were observed in electrophoretic mobility shift analysis using nuclear extracts derived from cells cultured in the presence or absence of ECM with or without prolactin, indicating that prolactin-and ECM-induced transcription was not dependent on the availability of these factors in the functional cell lines employed. An in vivo footprinting analysis of the factors bound to nuclear chromatin in the presence or absence of ECM and/or prolactin found no differences in the binding of C/EBP-␤ but did not provide definitive results for the other factors. Neither ECM nor prolactin activated BCE-1 in transient transfections, suggesting that the chromosomal structure of the integrated template may be required for ECM-induced transcription. Further evidence is that treatment of cells with inhibitors of histone deacetylase was sufficient to induce transcription of integrated BCE-1 in the absence of ECM. Together, these results suggest that the ECM induces a complex interaction between the enhancer-bound transcription factors, the basal transcriptional machinery, and a chromosomally integrated template responsive to the acetylation state of the histones.
It is now well established that the processes of development and differentiation depend on a cell's ability to correctly perceive its microenvironment (reviewed in references 1 and 43). A key component of this environment is the extracellular matrix (ECM). The ECM is an organized network of glycoproteins, proteoglycans, and glycosaminoglycans, components important for cell morphology as well as for signal transduction via cell surface integrins and ultimately for tissue-specific gene expression (reviewed in reference 43) .
The mammary gland appears to be particularly well suited for the study of ECM-induced differentiation and gene expression. In the adult animal, the gland develops after puberty and functionally differentiates in response to pregnancy. The mechanisms involved in these developmental processes are complex and guided by various hormones (54) , growth factors (53) , and the ECM (3) . Milk protein expression is initiated at mid-pregnancy and correlates with the synthesis and deposition of a specialized laminin-rich ECM during alveolar development. Expression of these milk proteins can be used as markers for the differentiated state of the gland. In the last decade, a number of model systems using mammary epithelial cells to study ECM-dependent gene regulation have been developed. These range from primary cultures to cloned cell lines which undergo a three-dimensional reorganization in gelatinous matrices to form alveolus-like structures capable of synthesizing and vectorially secreting milk proteins, analogous to their in vivo counterparts in the lactating mammary gland (references 2 and 30 and references therein).
Studies with SCP2 (11) and CID-9 (44) cell lines derived from the COMMA 1D cell strain (8) , itself derived from the mammary tissue of midpregnancy mice, have shown that induction of endogenous ␤-casein requires both an ECMinduced change in cell shape and a ␤1-integrin-mediated biochemical signaling by laminin, a major component of mammary basement membrane (42, 52) . Downstream nuclear events associated with this integrin signal transduction pathway have been analyzed with stable transfectants of CID-9 cells with the bovine ␤-casein promoter linked to the chloramphenicol acetyltransferase (CAT) reporter gene. These studies clearly demonstrated that the transcriptional regulation of this gene is dependent on the presence of both ECM and lactogenic hormones (44) . Deletion analysis of this promoter identified a 160-bp transcriptional enhancer (BCE-1) capable of conferring ECM and hormonal regulation in either orientation to the inactive proximal ␤-casein promoter (Ϫ121 to ϩ42) (46) .
Many cis-acting transcription elements have been identified in the rat and mouse ␤-casein genes. Their functional role in induction of transcription has been studied in mammary glands of transgenic animals, in primary mammary epithelial cells, and in other cell lines such as HC11 (also derived from COMMA 1D) (14, 19, 29, 63) . These studies have identified three major trans-acting factors that are involved in the hormone-induced transcriptional activation of ␤-casein. Prolactin has been shown to activate transcription via STAT5, originally identified as mammary gland factor (MGF) (20, 47, 56, (57) (58) (59) . STAT5 binding sites are found in many other milk protein promoters, with the STAT binding sites in the sheep ␤-lactoglobulin gene being particularly well characterized (5, 6, 51, 58) . C/EBP binding sites are required for the hormonal induction of ␤-casein expression (16, 41, 49) , and its activity may be influenced by glucocorticoid receptor, which has been shown to enhance prolactin-induced expression of ␤-casein (15, 25, 41, 44, 50) .
In this study, we found that the binding sites for C/EBP and STAT5 are contained within the ECM-responsive element BCE-1. Furthermore, we show that these elements, as well as an unidentified binding protein (UBP) site are critical for ECM and prolactin responsiveness. Unexpectedly, we also find that despite the dramatic increase in transcription when the cells are cultured on ECM, these factors appear to be bound to BCE-1 even when cells are cultured on plastic in the absence of prolactin. Based on the induction of BCE-1 transcriptional activity in cells cultured on plastic after treatment with histone deacetylase inhibitors, we propose that the ECM may allow transcription of the ␤-casein gene via a mechanism that involves modulation of histone acetylation.
MATERIALS AND METHODS

Plasmids. (i) Cloning of the deletions.
The first 100 bp and the 3Ј 61 bp of BCE-1 were isolated by PCR from the expression plasmid BBC (termed BCE-1/ ER-1/CAT in reference 46). These fragments were cloned into ER-1 and checked by sequencing.
(ii) Site-specific mutations. Site-specific mutations were introduced into BBC with a mutagenesis kit (transformer site-directed mutagenesis kit; Clontech, Palo Alto, Calif.). The 30-bp primers for mutagenesis included 10 bp of BCE-1 sequence flanking the mutation sequence GCTCTAGAGC (an XbaI site [underlined] flanked by GCs). The correct introduction of each mutation was confirmed by sequencing.
(iii) Plasmids for transient transfections. MMTV/CAT, MMTV/␤-cas/CAT, and SV40/␤-cas/CAT were described previously (45) ; LTR/Luc is described in reference 31.
Cell passage and differentiation. CID-9 cells (44) and their transfected derivatives were passaged in Dulbecco modified Eagle medium (DMEM)-F-12-5% fetal calf serum-insulin (5 g/ml) (referred to as growth medium) and induced to differentiate in DMEM-F-12-insulin (I) (5 g/ml) without or with 1 g of hydrocortisone (H) per ml and/or 3 g of prolactin per ml (P) as described previously (differentiation medium [46] ). Sodium butyrate (Sigma Chemical Co., St. Louis, Mo.) and trichostatin A (Wako Pure Chemical Industry, Richmond, Va.) were prepared as 1,000ϫ stock solutions in water and ethanol, respectively. In experiments where sodium butyrate and trichostatin A were used, the cells were treated 48 h after plating and harvested after 18 h of treatment. In some of the experiments, Matrigel (Collaborative Biomedical Products, Bedford, Mass.), insulin (Gibco/BRL, Bethesda, Md.), and prolactin (Sigma) were used. Stable transfections, cell harvest, and CAT assays were performed as described previously (46) . Transient transfections. CID-9 cells were plated in growth medium at a density of 3 ϫ 10 5 per 60-mm-diameter tissue culture plastic dish or at 1.2 ϫ 10 6 per 60-mm dish in dishes coated with 0.4 mg of polyhema (Sigma [42] ) 1 day prior to transfection. Cells were given DMEM-5% fetal calf serum and 5 g of insulin per ml at least 3 h before transfection. Ten micrograms of test plasmid and 1 g of RSV/␤ gal were cotransfected by the calcium phosphate method (46) with the exception that the precipitates were left on the cells for 18 h. The cells were then washed three times with DMEM-F-12 and placed in differentiation medium (IHP). Cells cultured on polyhema were given differentiation medium containing 2% Matrigel as described previously (42) . They were harvested 48 h later with Dispase (44). Lysates were assayed for ␤-galactosidase (␤-Gal) activity (Glacto-Light; Tropix, Bedford, Mass.), protein content (Bio-Rad protein assay; Bio-Rad, Hercules, Calif.), and CAT (44) or luciferase activity (12) . The thinlayer chromatography (TLC) plates from the CAT assays were exposed to PhosphorImager screens and analyzed with a Molecular Dynamics PhosphorImager. The CAT activity was analyzed and expressed relative to ␤-Gal activity. Preparation of nuclear extracts. Nuclear proteins for electrophoretic mobility shift analysis (EMSA) were extracted by two different procedures (10, 48) with similar results in the quality and quantity of the isolated proteins. Extracts were isolated in the presence or absence of the phosphatase inhibitors sodium fluoride, sodium molybdate, and orthovanadate. Cells cultured on ECM were released by Dispase treatment or harvested by matrix dissolution with phosphatebuffered saline (PBS) (without calcium and magnesium), 5 mM EDTA, and protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 2 mM benzamidine, 5 g each of pepstatin and leupeptin per ml) (a kind gift of Steve Farmer, Boston University) or harvested by scraping cells together with the ECM (isolation conditions were as noted in the figure legends). All extracts were quantitated for protein (Bio-Rad), and aliquots were run on sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis and visualized by Coomassie blue staining to assess the quality and to independently quantitate the extracts. With the exception of slight ECM contamination in extracts isolated from cells which did not have the ECM removed by Dispase or PBS dissolution, the methods produced similar results in all BCE-1 EMSAs. However, Dispasetreated nuclear extracts displayed an altered NF-1 mobility shift (34a), indicating that these preparative methods may not be equivalent for all nuclear proteins.
EMSA. Mobility shift probes were labeled as single-stranded oligonucleotides with T4 polynucleotide kinase in the presence of [␥-
32 P]ATP (Ͼ5,000 Ci/mmol); complementary strands were annealed, and the double-stranded probe was gel purified. The amount of labeled probe ranged from 10 to 60 fmol per binding assay. The sequences below represent the coding strands for the following oligonucleotides: A, 5Ј-TGTATTCCTTTTCTCAGAAATC; B, 5Ј-ATCACACTT TTTTGCCTGTGGC; D, 5Ј-CTGTTTATTGCACAATATGT; C/EBP, 5Ј-TGC AGATTGCGCAATCTGCA (7); and MGF, 5Ј-GGACTTCTTGGAATTAAG GGA (adapted from reference 47).
Nuclear proteins (10 g) were incubated for 20 min in binding buffer (20 mM HEPES [pH 7.8], 0.5 mM MgCl 2 , 1 mM dithiothreitol, 0.5 mM EDTA, 5% glycerol, 80 mM NaCl) with 0.5 g of poly(dI-dC) and 10,000 cpm of probe in a 20-l volume. Binding reactions were run on a 5% nondenaturing polyacrylamide gel in 0.25ϫ Tris-borate-EDTA. When present, competitors were double stranded and used at a 50-fold molar excess over the labeled probe. For supershift analysis, antibodies against C/EBP-␣, -␤, and ␦ and CRP1 were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.), and those against STAT5a and STAT5b (a kind gift of Lothar Henninghausen, National Institutes of Health) and STAT1 and STAT3 were obtained from Transduction Laboratories Inc. (Lexington, Ky.). The binding reactions were carried out for 20 min at room temperature, and then antibodies were added and the reaction mixtures were set on ice for 30 min before being loaded onto a 4% acrylamide-0.25ϫ Tris-borate-EDTA gel.
Nucleus isolation and exonuclease assay. Nuclei were isolated from cells as described previously (39) , with the exception that cells cultured on ECM were first released by the PBS treatment described above. The digestion of nuclei for exonuclease assays was similar to that of Pennie et al. (39) . An aliquot of each nucleus preparation was quantitated for DNA content. Nuclei were thawed on ice and diluted into Workman and Langmore buffer (50 mM NaCl, 50 mM Tris-Cl [pH 8], 0.5 mM MgCl 2 , 1 mM beta-mercaptoethanol) such that 200-l aliquots contained 20 g of DNA. The nuclease digestions were conducted for 15 min at 37°C with the following nuclease concentrations (per microgram of DNA): HinfI, NcoI, and BamHI, 20 U; lambda exonuclease, 1 U; and T7 exonuclease, 50 U. The reactions were stopped by adding an equal volume of stop solution (0.2 M NaCl, 50 mM Tris-Cl [pH 8], 20 mM EDTA, 2% SDS). Protease K (10 l of a 10-mg/ml solution) was added, and the samples were incubated at 37°C overnight. The samples were then extracted with phenol-chloroform and precipitated with 0.25 M NaCl and isopropanol. Washed pellets were dried and resuspended in water prior to a secondary restriction digestion, which was performed with the following enzymes: StyI or EcoRI for HinfI, BstBI for NcoI, and BsRI for BamHI (2 to 4 U/g of DNA). Samples were extracted and precipitated as described above. Ten-microgram portions of each sample were subjected to linear amplification with [␥-32 P]ATP-labeled oligonucleotides and Taq polymerase. Samples were extracted as described above and precipitated with 0.25 M NaCl and ethanol, resuspended in 80% formamide solution containing bromophenol blue and xylene cyanol, and separated on an 8% denaturing polyacrylamide gel. Dried gels were exposed to a PhosphorImager screen and analyzed with a Molecular Dynamics PhosphorImager. Twenty nanograms of BBC plasmid DNA was subjected to the same treatment described above as a control for primary enzyme cutting and primer extension in the PCR step. Genomic DNA isolated from stably BBC-transfected CID-9 cells was used as a control to demonstrate the ability of lambda and T7 exonuclease to progress through the genomic sequence of BBC. The digestion with the secondary enzyme allows for visualization of the quantity of DNA present in each condition.
RESULTS
Functional elements within BCE-1. A deletion analysis was first conducted to characterize the functionally important regions within the 160-bp BCE-1 enhancer. Two deletion constructs were made, one containing 100 bp of 5Ј end and one containing 60 bp of the 3Ј end of the BCE-1 enhancer linked to the transcriptionally inactive Ϫ121 to ϩ42 sequence of the bovine ␤-casein promoter (Fig. 1A) . The constructs were stably transfected into CID-9 cells, and the activity of each was com-VOL. 18, 1998 ECM-RESPONSIVE ELEMENT AND GENE EXPRESSION 2185
on January 26, 2018 by guest http://mcb.asm.org/ pared to that of stably integrated full-length BCE-1. Neither deletion construct was active, in either the presence or absence of ECM ( Fig. 1A and data not shown). Therefore, BCE-1 requires the presence of both halves for transcriptional activity. A more detailed mutational analysis was then conducted with linker mutant constructs. Mutations were generated across BCE-1 by the replacement of sequential 10-bp stretches of DNA with an XbaI linker. These constructs were stably transfected into CID-9 cells, and transcriptional activity was assessed in the presence or absence of ECM and/or lactogenic hormones. In the presence of ECM and prolactin five mutations resulted in a loss of at least 90% activity compared to wild-type BCE-1 (Fig. 1B) . These mutations were localized to two separate regions within BCE-1. Mu3 and Mu4 lay within the first 100 bp of BCE-1 and span a putative C/EBP binding site (region I). Mu11, Mu12, and Mu13 were in the last 60 bp and two deletion constructs (60 and 100) linked to the minimal bovine ␤-casein promoter. Sequences are numbered relative to the transcription start site of the endogenous gene. The chart on the right summarizes the transcription activity of the three constructs stably transfected into CID-9 cells. The cells were cultured under differentiation conditions (IHP) without (plastic) or with ECM for 6 days and assayed for CAT activity. Ϫ, no detectable activity; ϩ, increasing amounts of transcriptional activity. (B) Transcriptional activity of 15 mutant constructions spanning the entire wild-type BCE-1 enhancer stably transfected into CID-9 cells. Each mutation was generated by replacement of 10 bp of BCE-1 sequence with GCTCTAGAGC (an XbaI site [underlined] flanked by GCs) as described in Materials and Methods. Cells were cultured in IHP on ECM for 6 days and assayed for CAT activity. The graph shows the average of at least three separate transfections for each mutation (Mu1 to Mu15) and shows each mutant's activity as a percentage of the wild-type BCE-1 (WT) transfected and differentiated at the same time as the mutants. (C) Sequence of the wild-type BCE-1 enhancer and the locations of mutations (Mu1 to Mu15). Regions I and II show the sequence in which mutations knocked out most of the transcriptional activity. The consensus sequence for putative binding sites of C/EBP and STAT are given (uppercase letters denote exact base pair matches). UBP represents a potential protein binding site.
and include a putative STAT5 binding site and another potential protein binding site (region II) (Fig. 1C) . All other mutant constructs had between 30 and 80% of wild-type activity. As found with wild-type BCE-1, none of the mutants activated transcription in the absence of ECM and/or lactogenic hormones (data not shown).
Identification of BCE-1 binding activities by EMSA (i) C/EBP-␤ binds to region I. Nuclear extracts from exponentially growing CID-9 cells or CID-9 cells cultured in the presence or absence of ECM and/or lactogenic hormones formed specific complexes with a 20-bp oligonucleotide (oligonucleotide D) that spanned region I, which contains the putative C/EBP binding site. These complexes were competed by an excess of either cold oligonucleotide D ( Fig. 2A , "ϩ" lanes; Fig. 2B, lane 4) or a consensus oligonucleotide to C/EBP (Fig.  2B, lanes 5 and 6) . There was no difference in the ability to form a complex whether extracts were isolated from (i) actively dividing cells in the presence of serum and the absence of lactogenic hormones (growth), (ii) growth-arrested cells in the absence of serum and the presence of lactogenic hormones (plastic), or (iii) growth-arrested cells in the presence of lactogenic hormones and exogenous basement membrane (i.e., , and D is shown at the top. The C/EBP consensus oligonucleotide is represented by a dashed line above region I. The nuclear extracts isolated from CID-9 cells are designated as follows: G, actively growing cells; P, cells cultured in differentiation medium (IHP); E, cells cultured on ECM in differentiation medium. E (d) cells were harvested with Dispase; E (p) cells were harvested by PBS dissolution. Extracts in A, B, and C were isolated as described previously (references 10 and 48, respectively). Liver extracts were isolated from mouse liver as described previously (48) . (A) EMSA using oligonucleotide D. The "ϩ" indicates that a 50ϫ molar excess of unlabeled double-stranded oligonucleotide D was added to the binding mixture. The first lane is labeled probe without extract. (B) EMSA comparing the binding activity of CID-9 cell extracts to that of mouse liver. The competitions are shown below the gel as follows: Ϫ, no competitor; oligonucleotide D (50ϫ); consensus C/EBP (50ϫ and 500ϫ), 50ϫ poly(dI-dC) (nonspecific competitor). The last lane is labeled probe without extract. (C) EMSA using oligonucleotide D with CID-9 extracts from cells cultured on ECM in IHP and extracts from mouse liver. The first lane is labeled probe with no extract; ␣, ␤, ␦, and CRPI represent binding reactions incubated with antibodies to C/EBP-␣, -␤, and -␦ and to CRPI (as described in Materials and Methods). The CID-9 cell extracts are supershifted only with an antibody to C/EBP-␤, and the liver extracts are supershifted with antibodies to C/EBP-␣ and -␤. the ECM). The region I complex was supershifted upon incubation with an antibody to C/EBP-␤ (Fig. 2C, lane 4) but not by an antibody to C/EBP␣, C/EBP␦, or CRPI (a C/EBP homolog) (Fig. 2C, lanes 3, 5, and 6 ). Nuclear extracts from the liver, which is known to be an abundant source of C/EBP-␣ and -␤, formed specific complexes with oligonucleotide D (Fig. 2B , lanes 8 to 10) which could be supershifted by both the C/EBP-␣ and -␤ antibodies (Fig. 2C, lanes 9 and 10) .
(ii) Region II binds STAT protein and an additional unidentified binding protein (UBP). An oligonucleotide that spans the putative STAT5 binding site in BCE-1 (oligonucleotide A) (Fig. 3A) formed specific complexes with either actively growing CID-9 nuclear extracts or CID-9 cells cultured in the presence or absence of ECM. These complexes were competed by an excess of unlabeled oligonucleotide A (Fig. 3A, "ϩ" lanes) or an oligonucleotide to the rat MGF/STAT5 binding site but not by an oligonucleotide to region II which lies outside the STAT site (oligonucleotide B) (data not shown). Supershift analysis of oligonucleotide A with antibodies to STAT5, STAT1, and STAT3 revealed that STAT5 is present in nuclear extracts from cells cultured on plastic and ECM (Fig. 3B) . Regardless of the culture conditions, there were no differences in the binding activity present in the various nuclear extracts. This included cells cultured with or without lactogenic hormones.
Oligonucleotide B, which spans the 3Ј end of region II, also formed a specific complex (Fig. 3C) . This complex could be competed by an excess of unlabeled oligonucleotide B (Fig.   3C , "ϩ" lanes) but not by oligonucleotide A or an oligonucleotide that contains the Mu13 mutation (data not shown). Although there are differences in the intensities of some complexes among nuclear extracts from cells cultured under different conditions, these differences were not consistent from assay to assay with either the same or independently isolated nuclear extract preparations. Therefore, no definitive conclusions can be drawn by the relative intensities. However, the binding activities and their sensitivity to competition were always consistent among extracts and different preparations.
The ability of nuclear proteins to bind to oligonucleotides in in vitro binding assays does not guarantee that these same proteins will have the access and/or the ability to bind to a chromatin template. We therefore examined whether the factors were differentially bound on the intact chromatin template in cells cultured with or without ECM and/or prolactin.
The ECM does not appear to restrict or induce factor loading onto the chromatin template. In order to determine whether ECM-dependent transcription results from changes in factor access to the chromatin template, we conducted in vivo exonuclease footprinting analyses. We examined factors bound to chromatin in nuclei isolated from BBC-transfected CID-9 cells which were cultured with or without ECM and/or prolactin, leading to conditions of active and inactive transcription, respectively. To ascertain the transcriptional state of the cells, we routinely performed CAT assays using an aliquot of cells taken before the nuclei were isolated (Fig. 4A) . To analyze region I (Fig. 4C ), nuclei were treated with the restriction enzyme NcoI   FIG. 3 . Characterization of the binding activities of proteins interacting with region II. The schematic and the extracts isolated were as described for Fig. 2 . (A) EMSA using oligonucleotide A from region II as a probe with nuclear extracts from CID-9 cells as described for Fig. 2 . ϩ, lanes with a 50ϫ molar excess of unlabeled double-stranded oligonucleotide A. (B) EMSA using oligonucleotide A with nuclear extracts from CID-9 cells cultured on plastic in IHP and ECM in IHP. Ϫ, no antibody; 5, addition of 1 l of a 1:10 dilution of a 1:1 mixture of STAT5a and STAT5b antibodies to the binding reaction; 1 and 3, addition of 1 l of antibody to STAT1 and STAT3, respectively. (C) EMSA using oligonucleotide B from region II as a probe. ϩ, a 50ϫ molar excess of unlabeled double-stranded oligonucleotide B (the quantitative differences in binding activity observed in this gel varied in at least three different EMSAs).
with or without the exonuclease lambda or T7. The exonuclease stops were within the boundaries of the C/EBP and OctI binding sites. However, no differences in the stop patterns were observed under any of the culture conditions tested. A number of control reactions were conducted to confirm the specificity of the exonuclease stops. Genomic DNA isolated from the stably transfected CID-9 cells was used as a control for DNA sequence-induced stops (Fig. 4B) . BBC plasmid was used as a control for the ability of the restriction enzyme to cut under the digestion conditions used, as well as a control for possible pausing during the PCR primer extension analysis. In addition, two different exonucleases (lambda and T7) were used, since they have different abilities to penetrate DNA that contains bound protein. The control reactions show that the stops are not due either to sequence-dependent pausing by the exonuclease or to peculiarities specific to one nuclease. FIG. 4 . Exonuclease analysis of BCE-1 shows identical stop patterns for both the active and inactive states of the promoter for C/EBP. (A) Diagram of the BBC construct identifying the primary and secondary enzyme digestion sites and the relative location of the primers. Corresponding CAT assays of lysates collected from an aliquot of cells from each culture condition prior to nucleus isolation. The cells cultured on ECM were isolated by PBS dissolution. P, plastic; i, insulin; h, hydrocortisone; p, prolactin; E, ECM. (B) Exonuclease control for genomically induced pausing of the lambda and T7 exonucleases. Genomic DNA isolated from stably BBC-transfected CID-9 cells was cut with NcoI, and aliquots were treated with increasing amounts of exonuclease for 15 min at 37°C. DNA was purified and subjected to primer extension using labeled primer 3A. Lanes: 1 and 2, BBC plasmid DNA extended with labeled primer 3A incorporating ddGTP and ddATP, respectively; 3 to 6, 0.5, 1, 2.5, and 5 U of lambda exonuclease per g of genomic DNA; 7, control (no exonuclease); 8 to 10, 5, 10, and 25 U of T7 exonuclease per g of genomic DNA. (C) Exonuclease analysis of region I. NcoI was used to open the chromatin DNA for exonuclease entry. The secondary enzyme was BstBI, and primer extensions were performed with oligonucleotide 3ЈA. Major stops are designated by arrows 1 to 4, and their positions within the BCE-1 sequence are noted beside the arrows. The positions of the consensus sequences for C/EBP and OctI are noted below the figure.
We have shown by EMSA that OctI forms a specific complex with an oligonucleotide corresponding to the sequence of the wild-type Mu5 region of BCE-1, which can be competed by an excess of unlabeled oligonucleotide as well as by an OctI consensus oligonucleotide (data not shown). However, since there was no significant decrease in transcriptional activity when this site was mutated, we believe that OctI modulation of ECMdependent transcriptional activation is not absolutely required. The footprinting results were consistent with the OctI site being occupied in vivo.
Region II of BCE-1 was analyzed with the restriction enzyme HinfI to open the chromatin. Exonuclease analysis revealed several strong and weak stops within the STAT and UBP sites. Analysis of control genomic DNA also revealed strong sequence-dependent stops, making it difficult to definitively attribute the weaker stops to chromatin-dependent pausing of the exonuclease. The exonuclease assay seems to specifically detect C/EBP and OctI binding. However, exonuclease stops are present in chromatin from nuclei isolated from actively growing cells (growth) as well as in cells cultured in the presence or absence of ECM and/or prolactin (i.e., IH versus IHP).
Despite the strong transcriptional induction by ECM and prolactin, no differences were observed in the binding of nuclear proteins to the functionally important regions of BCE-1, in vitro. Furthermore, while only C/EBP could definitively be shown to bind in vivo, there were no differences with or without ECM. We therefore wished to determine whether ECM and/or prolactin could induce transcription via the BCE-1 enhancer on a nonintegrated template in a transient-transfection assay.
ECM and prolactin do not induce transcriptional activation of transiently transfected templates. We examined the transcriptional activity of several chimeric constructs in transienttransfection assays. When integrated into the genome, these constructs respond either positively or negatively to the presence of ECM (37a, 45) . In these experiments, the mouse mammary tumor virus (MMTV) and simian virus 40 (SV40) enhancers were linked to the bovine ␤-casein promoter or the minimal (Ϫ110) MMTV promoter (Fig. 5C ). The grid shown in Fig. 5C summarizes the results from the transient-transfection assays performed with these constructs, as well as the activities of these same constructs when stably integrated. ECM did not induce BCE-1-dependent transcription on a transient template (no detectable CAT activity), even though endogenous ␤-casein was differentially expressed under these culture conditions, as shown by the immunoprecipitation of mouse milk proteins from parallel plates of transfected cells (Fig. 5A) . To address the question of whether the basal ␤-casein promoter is capable of supporting transient transcription, the promoter was linked to the SV40 enhancer. This construct had transient transcriptional activity (Fig. 5C ). This result clearly demonstrates that the absence of transcription after transient transfection of BCE-1 constructs and treatment of cells with ECM was not due to the failure to utilize the ␤-casein promoter. The requirement for stable integration of BCE-1 is striking. We therefore decided to examine whether alterations in the chromatin structure of the integrated BCE-1 element could influence transcriptional activity. Because of the strong correlation between histone acetylation and gene activation (33, 55, 60) , we analyzed the effect of histone modification on ECM-induced transcription.
Inhibitors of histone deacetylase induce BCE-1-mediated transcription in the absence of ECM. Stably transfected CID-9 cells cultured on tissue culture plastic or ECM were treated with sodium butyrate, an inhibitor of histone deacetylase. Treatment with sodium butyrate is capable of inducing transcription to levels achieved in the presence of ECM (Fig. 6A) . The induction of transcription by sodium butyrate was reproducible with differences in the absolute fold increase in the absence of ECM. (Figure 6B shows a representative CAT TLC and a graph of the quantitated results.) However, in the presence of ECM, when transcription is high, the transcriptional induction by sodium butyrate was always equal to or less than twofold (Fig. 6A and data not shown) . Since sodium butyrate treatment has been shown to induce many changes in the cell in addition to the inhibition of histone deacetylase (18, 24, 27 , 40), we tested a more specific inhibitor of histone deacetylase, trichostatin A (62) . A dose-dependent induction of transcription of up to 10-fold was observed in cells cultured with trichostatin A in the absence of ECM (Fig. 6C ) which, as with sodium butyrate, achieved levels similar to that of the ECM induction and induced ECM levels less than twofold (data not shown). To determine whether sodium butyrate and trichostatin A activation was due to a generalized increase in cellular transcription, we analyzed the ECM-responsive MMTV promoter in stably transfected CID-9 cells under the same culture conditions and treatments. The presence of sodium butyrate, as well as of trichostatin A, led to a dose-dependent repression of MMTV transcription either in the absence (Fig. 7A and C) or in the presence (Fig. 7B and D) of ECM. The activation of BCE-1 and the inactivation of MMTV through inhibition of histone deacetylase suggest that ECM-dependent transcription may involve alterations in the acetylation state of the histones.
DISCUSSION
In this paper we show that transcriptional activation of ␤-casein, via the BCE-1 enhancer, requires that the ECM and prolactin coordinate the interactions between at least three transcription factors and the chromosomally integrated template containing BCE-1. Furthermore, BCE-1 transcriptional activation can be induced in the absence of ECM upon treatment of stably transfected CID-9 cells with inhibitors of histone deacetylase.
Mutation of any of three regions within BCE-1 abolishes ECM-and prolactin-induced transcription, suggesting a cooperative interplay between the factors that bind to these sites. Our analyses indicate that C/EBP␤, STAT5, and an additional but as-yet-unknown protein (i.e., the UBP) recognize these sites. Several laboratories have demonstrated the requirement for both STAT and C/EBP for hormone-induced ␤-casein expression. Standke et al. (49) have shown that truncation of the rat ␤-casein promoter, which removes C/EBP binding sites and leaves only the STAT site, abolishes induction of ␤-casein transcription. Doppler et al. (16) have shown by truncation analysis that both the C/EBP and STAT sites of the rat ␤-casein promoter are required for activation of a heterologous thymidine kinase promoter. Taken together, these experiments suggest that the induction of ␤-casein expression minimally requires the interplay of C/EBP and STAT and, in the case of BCE-1, the UBP.
The ECM, in which laminin has been shown to be the active component, induces ␤-casein gene expression requiring each of the following: a rounded cell shape (42), signal transduction via laminin binding and ligating of a ␤1-containing integrin (52), prolactin, integration into the genome, and a promoter which contains intact binding sites for C/EBP, STAT5, and the UBP. Furthermore, ECM-induced ␤-casein expression may require a modulation of the state of histone acetylation. However, the ECM does not appear to modulate the levels or binding activities of nuclear proteins specific to the C/EBP, STAT5, and UBP binding sites. In vitro EMSA and in vivo exonuclease footprinting analysis (in the case of C/EBP) indicate that these factors are present and able to bind DNA in the absence of ECM. This is in contrast to the ECM-dependent induction of albumin expression in hepatocytes, where liverspecific gene transcription appears to depend on the presence of liver-enriched transcription factors which are upregulated in hepatocytes cultured on ECM (13) .
The findings that STAT5 has binding activity ( Fig. 3) and that a STAT5 reporter gene construct is activated to the same extent (data not shown) whether CID9 cells were cultured under differentiation conditions or not differ from the results Ten micrograms of protein from cell lysates isolated from CID-9 cells transiently transfected with BBC or RSV/CAT while cultured on plastic (P) or low-density polyhema treated with 2% ECM (E) was analyzed. (C) A diagram for each plasmid tested in the transient-transfection analysis is shown to the left. BCE-1, ␤-casein, and MMTV are labeled relative to the transcription start site of the endogenous genes. The seven constructs contained the reporter CAT gene. The adjacent table represents the activity of each construct when transiently or stably transfected into CID-9 cells and differentiated in IHP on plastic or ECM as described in Materials and Methods. The transient activity is relative to cotransfected RSV-␤-Gal expression (a promoter which is not regulated by the presence of ECM). Ϫ, no detectable activity; ϩ, increasing amounts of transcriptional activity. These data represent at least three independent transfections for each condition.
obtained by Streuli et al. (51) . Streuli et al. showed that nuclear extracts from primary mouse mammary epithelial cells cultured on ECM formed a specific complex with a STAT5 binding site in the ␤-lactoglobulin promoter, whereas extracts from cells cultured on plastic did not. This binding activity was maintained only in cells cultured on ECM in the presence of prolactin. While it is possible that the binding of STAT5 differs for sheep ␤-lactoglobulin and bovine ␤-casein, another explanation for this discrepancy could reside in differences between primary and immortalized cells. The primary cells undoubtedly have complex requirements for induction of expression of tissue-specific genes which may be relaxed or altered in cell lines. Indeed the homolog, STAT5b, is able to activate transcription of the rat ␤-casein gene in COS cells cultured in the absence of prolactin (32) . Constitutively activated STAT5 has been observed in T cells transformed with human T-cell leukemia virus type 1 (35) and in peripheral blood cells from patients with acute leukemia (21) . In addition, STAT binding to the inter- leukin-6 response element and the hematopoietin receptor response element has been observed in the absence of transcriptional activation (26) . It is therefore plausible that in immortalized CID-9 cells STAT5 could be present and constitutively bound to BCE-1 in the absence of ECM. These cell lines now make it possible to study the events subsequent to binding of STAT, which would not be possible in primary cultures.
Thus, the experiments we report here lead us to conclude that the binding of STAT5 is not sufficient to activate transcription of the BCE-1 enhancer in the absence of ECM and prolactin. The fact that the other factors also appear to be bound in the absence of ECM indicates that the transcriptional activation is not solely due to the binding of individual transcription factors. Rather, a proper structural signal may be required for the activation of preassembled transcriptional machinery which is poised for rapid transcription. This observation has a precedent in the literature: in vivo footprinting analysis reveals that the occupancy of the sites in the serum response element of the fos promoter remains unchanged regardless of the transcriptional state of the gene (22) . In that study the authors proposed and subsequently showed (64) that activation and inactivation may be brought about by modifications to the proteins in the bound complex or by interactions between the complex and additional factors. The continuous occupancy of the serum response element may be a mechanism for achieving a rapid activation as maximal fos transcription occurs less than 20 min after growth factor addition. Although ␤-casein is not considered a rapid-response gene, it is conceivable that committed mammary epithelial cells have been organized in vivo to respond rapidly to conditions that modulate milk protein gene expression. Therefore, it would be interesting to determine the occupancy of factors bound to BCE-1 in nonmammary epithelial cells.
In vitro factor binding analyses indicate that the factors which are critical for transcriptional activation via BCE-1 are present and are capable of binding in both the transcriptionally active and inactive states. Although factor binding does not address the functionality of proteins bound to the DNA or whether the composition of the bound complex has changed, the lack of response to ECM by nonintegrated BCE-1 constructs suggests that modifications of trans-acting factors by ECM or changes in the complex composition are not sufficient to account for the enhancer's function and that modifications within the context of chromatin are necessary. Cell type-specific chromatin arrangements mediated via cell-specific factors have been described for the liver-specific albumin gene in hepatocytes (34) . The albumin enhancer exists in an array of three positioned nucleosomes only in hepatocytes, and this positioning is dependent upon binding of a liver-enriched nuclear factor, HNF3.
Chromatin alterations which lead to induction of gene expression may be achieved through any or all of the following: modifications of histones, changes in DNA conformation, factor accessibility, and DNA and/or nuclear factor localization (for general reviews, see references 17 and 23). The fact that integrated BCE-1 is activated in the absence of ECM upon treatment with inhibitors of histone deacetylase suggests that a component of ECM-dependent ␤-casein expression involves histone modifications, which are believed to be involved in the transcriptional regulation of genes (reviewed in references 33, 55, and 60). One possible mechanism involves ECM-induced changes in the three-dimensional architecture of the cell, influencing in turn the three-dimensional architecture of the nucleus. Alterations in the structure or composition of the nuclear matrix may reposition histone acetyltransferases and/or deacetylases, which are known to be bound to the nuclear scaffolding (9) . The changes in protein-nuclear scaffold and/or protein-DNA interactions involved in this nuclear reorganization may result in the activation of the ␤-casein gene following a more direct change in the modification state of the histones (see reference 4 and references therein for hypothesis). Another possibility is that the ECM induces or modifies cofactors which themselves have acetyltransferase or deacetylase activity. Recent characterization of novel histone acetyltransferases includes p300/CBP-associated factor (61) . The transcriptional coactivator p300 (38) and TAFII250 (37) targets which could be involved in ECM-induced transcription. Interestingly, p300 directly interacts with C/EBP␤ to increase transcriptional activity (36) and also interacts with the transcriptional repressor YY1 to relieve YY1 repression (28) . These findings are consistent with the current understanding of mechanisms underlying the transcriptional regulation of ␤-casein.
Although factor availability and modification of DNA accessibility of C/EBP do not account for ECM-dependent activation of the BCE-1 element, it is clear that complex interactions between several factors on a chromosomally integrated template are involved. Whether the ECM-induced changes in higherorder chromatin structures are mediated via alterations in nuclear architecture and/or ECM induces cofactors which modulate the modification of the state of histones is currently under investigation.
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